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Abstract 
 Mechanochemical synthesis, as used in this work, is the mechanical milling of 
reagents to drive reaction. It is often considered a greener alternative to traditional 
solution-based methods of synthesis. This work will describe the mechanochemical 
synthesis of furan-2-yl(pyrrolidin-1-yl)methanethione and N-hexadecylfuran-2-
carbothioamide, the optimization of the mechanochemical synthesis of 1,3-
dibenzylbenzimidazolium bromide as well as the kinetics of this reaction, and finally the 
ongoing development of the mechanochemical synthesis of N,N′-dioctyl-2,2′-bipyridine-
4,4′-dicarboxamide. 
 This work studied both the traditional method and mechanochemical method for 
synthesis of furan-2-yl(pyrrolidin-1-yl)methanethione, as well as the mechanochemical 
method for N-hexadecylfuran-2-carbothioamide. While initial work was promising, this 
study found that decomposition occurred for both reactions, severely limiting conversion 
to product and skewing conversion calculations. The study of 1,3-
dibenzylbenzimidazolium bromide was a continuation on previous work performed by the 
group. A full synthetic method was developed, as well as a high efficiency purification, 
giving 94.0% yield. Kinetics were studied by others in the group, and a summary is given 
in this work. The ongoing mechanochemical synthesis of N,N′-dioctyl-2,2′-bipyridine-4,4′-
dicarboxamide builds upon liquid crystalline research by the group. Purification testing is 
still in development, with different reaction methods being attempted to try and simplify 
refinement. A reaction method was developed that produced full conversion to product in 
200 minutes of milling. 
 
  
iii 
Table of Contents 
Acknowledgements…………………………...………………………………………………….i 
Abstract…………………………………………………..………………………………...……..ii 
Table of Contents……………………………………………..…….…...……………………...iii 
List of Figures……………………………………………………..……………………………...v 
List of Tables…………………………………………………………..………………………..viii 
List of Schemes…………………………………………………………..……………………...x 
Permission to Reprint…………………………………………………………………..……….xi 
Chapter 1: Introduction……………………………………………………………..…………...1 
1.1 Mechanochemistry…………………………………………...…………………….1 
1.2 Conversion Calculation…………………………….………………………………5 
1.3 Kinetic Modelling………………………………………………………..…………..6 
 1.3.1 Finke-Watzky Model ………………………………………..…………..7 
 1.3.2 JMAYK Model ……….……………….…………………..……..…….…7 
Chapter 2: Thioamide Compounds...…………………………………………......……….…..8 
 2.1 Introduction………………………………………………………………….……....8 
 2.2 Experimental…………………………………………………………….…………10 
  2.2.1 General Procedures……………………………………………………10 
  2.2.2 Solution-based Procedures……………………………………………11 
  2.2.3 Mechanochemical Procedures………………………………………..15 
iv 
 2.3 Results and Discussion…………………………………………………..………18 
 2.4 Conclusion…………………………………………………………………………23 
Chapter 3: 1, 3-Dibenzylbenzimidazolium Bromide..………………..…….…..…………...24 
 3.1 Introduction………………………………………………………………………...24 
 3.2 Experimental……………………………………………………………………….26 
 3.3 Results and Discussion…………………………………………………………..27 
 3.4 Conclusion…………………………………………………………………………32 
Chapter 4: N,N′-Dioctyl-2,2′-Bipyridine-4,4′-Dicarboxamide…..……..……………………33 
 4.1 Introduction………………………………………………………………………...33 
 4.2 Experimental……………………………………………………………………….34 
 4.3 Results and Discussion…………………………………………………………..38 
 4.4 Conclusion…………………………………………………………………………47 
Appendix………………………………………………………..………………….……………48 
References…………………………………………………..…………………….……………56 
  
v 
List of Figures 
Figure 1. The structures of furan-2-yl(pyrrolidin-1-yl)methanethione (left) and N-
hexadecylfuran-2-carbothioamide (right)…………………….……...……………....2 
Figure 2. The structure of 1,3-dibenzylbenzimidazolium bromide..………………………...2 
Figure 3. The structure of N,N′-dioctyl-2,2′-bipyridine-4,4′-dicarboxamide …………..……3 
Figure 4. The custom-built heating mantle (left) was used with the circulator (right) and 
ethylene glycol to provide greater heat control to the reaction flask………….…13 
Figure 5. Custom Teflon™ vial (left) and Dynalon bottle (right) used for mechanochemical 
synthesis……………………………………………………………………………….15 
Figure 6. Labeled 1H NMR spectra of 1 in CDCl3. Resonances based upon chemical shift 
values presented by Chen et al.……..…………..………………………………….19 
Figure 7. Labeled 1H NMR spectra of crude 2 in CDCl3. Resonance assignments for 
furfuryl disulfide are also labeled. Not all resonances have been assigned, as all 
samples had excessive decomposition of material.………………………………20 
Figure 8. Portion of the NMR spectrum for the mechanosynthesis of 3. Structures for the 
relevant species are given under the spectrum, color coded to the respective 
resonance. The doublet at 7.89 ppm is due to impurities in the HBZM starting 
material. Spectrum is from the 3 equivalent BnBr neat reaction after 100 minutes 
of milling, and has been cut to allow relevant resonances to be shown. The full 
spectrum and a purified spectrum are given in Appendix 4 and 5, 
respectively……………………………………………………………………………28 
Figure 9. Conversion fraction versus time plot for the synthesis of 3 using 2 equivalents 
BnBr neat (□), 3 equivalents BnBr neat (∆), and 3 equivalents BnBr LAG (○) 
vi 
conditions. The results of JMAYK (solid lines) and FW modeling (dashed lines) 
are shown……………………………………………………………………………...30 
Figure 10. Conversion fraction versus time plot from the synthesis of intermediate using 
2 equivalents BnBr neat (□), 3 equivalents BnBr neat (∆), and 3 equivalents 
BnBr LAG (○) conditions .…………………………………………………………...32 
Figure 11. A portion of the IR spectra of 4 synthesis before milling (top) and after 200 
minutes of milling (bottom). The full spectra are given in Appendix 6.………….40 
Figure A1. Full 1H NMR spectrum of furan-2-yl(pyrrolidin-1-yl)methanethione, purified by 
traditional methods and purification by silica column…………………..…………48 
Figure A2. Aromatic region of the 1H NMR spectrum of crude N-hexadecylfuran-2-
carbothioamide, produced by mechanochemical synthesis……………………..49 
Figure A3. Upfield region of the 1H NMR spectrum of crude N-hexadecylfuran-2-
carbothioamide, produced by mechanochemical synthesis……………….…….50 
Figure A4. Full 1H NMR spectrum of crude 1,3-dibenzylbenzamidazolium bromide 
reaction material. See Appendix 5 for product resonance labels………………..51 
Figure A5. Full 1H NMR spectrum of purified 1,3-dibenzylbenzamidazolium bromide.…52 
Figure A6. Full 1H NMR spectrum of crude N,N′-dioctyl-2,2′-bipyridine-4,4′-
dicarboxamide…………………………………..…………………………………….53 
Figure A7. Full IR spectra of compound 4 reaction material before milling (left) and after 
200 minutes of milling (right) ………………………………………..……………...54 
vii 
Figure A8. 1H NMR spectra from the synthesis of 4 after 200 minutes of milling. Left 
spectrum uses CDCl3 as the solvent, middle spectrum uses D2O, right spectrum 
uses DMSO-d6.………………………………………….…………………………….55 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
viii 
List of Tables 
Table 1. Reaction conditions for the solution synthesis of 1. Abbreviations are as 
previously defined. All reactions were heated overnight before sampling….….12 
Table 2. Reaction conditions for water as a reagent tests of compound 1 synthesis 
testing reagent necessity. Reaction were heated overnight before sampling....14 
Table 3. Reaction conditions for the synthesis of compound 1 with water as a solvent. 
Reaction were heated overnight before sampling.……………………………......14 
Table 4. Initial mechanochemical synthesis of 1, based upon the traditional method 
presented by Chen et al. All reactions used the Teflon™ bottle.…..…………….16 
Table 5. Mechanochemical synthesis of 1, utilizing CuCl and catalytic I2. All reactions 
were performed in the SPEX 8000M mixer/mill using Teflon™ bottles….……...17 
Table 6. Mechanochemical reaction conditions for the synthesis of 2. Abbreviations are 
as previously defined……………………………………………..………………….18 
Table 7. Results from solution synthesis of 1. Ratios of 1:FFDS were determined by 1H 
NMR spectroscopy. Total decomposition occurred several times, preventing 
NMR data from being obtained. Pyr is pyrrolidine, FFDS is furfuryl disulfide.....22 
Table 8. Purification yields for the traditional synthesis of compound 1. High yields were 
not achieved due to severe decomposition within the reaction………………….23 
Table 9. Masses and volumes of reagents used for conversion studies. Masses are the 
average of multiple replicates..………………………..………………......………..27 
Table 10. Results from the kinetic modeling of the synthesis of compound 3…………...31 
ix 
Table 11. Reaction conditions for the initial mechanochemical synthesis of 4. Error given 
is one standard deviation. Octylamine volumes have a 1% error.………………36 
Table 12. Reaction conditions for trials using differing amounts of DCC. Abbreviations 
are as previously defined…………………………………………………………….37 
Table 13. Reaction conditions for use of EDC.HCl in place of DCC. Abbreviations are as 
previously defined…………………………………………………………………….37 
Table 14. Reaction conditions for the addition of NEt3 with the reduction of octylamine.37 
Table 15. Reaction conditions for the increase of reaction scale. Masses were increased 
by four times original values. Octylamine was dispensed using an autopipette 
with an error of 1%.............................................................................................38 
Table 16. Results from early syntheses. Conversion fraction is the highest in the set with 
the corresponding conversion time. Abbreviations are as previously defined…42 
Table 17. Results for trials using varying amounts of DCC. Abbreviations are as 
previously defined. When no DCC was used, no conversion to product was 
observed.............................................................................................................43 
Table 18. Results from syntheses using EDC.HCl as a coupling agent in place of 
DCC…………………………………………………………………………………….44 
Table 19. Synthesis attempts using NEt3 in addition to octylamine……………………….45 
Table 20. Results from the increase of reaction scale. Masses were increased by four 
times original values……………………….…………………………………………46 
  
x 
List of Schemes 
Scheme 1. Traditional solution-based syntheses. The traditional method for the 
synthesis of various thioamides, presented by Chen et al. (top). The traditional 
method for the synthesis of 4 from the work of Hallett et al. (middle). An 
alternative traditional synthesis of 4 given by Luo et al. (bottom)..….…….……...4 
Scheme 2. The mechanochemical synthesis of furan-2-yl(pyrrolidin-1-yl)methanethione 
(1) and N-hexadecylfuran-2-carbothioamide (2). The reactions use DMSO both 
as a solvent and a reagent to form I2………….…………………...…………..…….8 
Scheme 3. Proposed mechanism for synthesis of 1 or 2.…………...………………………9 
Scheme 4. Mechanochemical synthesis of a palladium benzimidazole-2-ylidene complex 
using methyl iodide.…………………………………………………………………..24 
Scheme 5. Synthesis of 1,3-bipyridylbenzimidazolium bromide by mechanosynthesis, as 
presented by Beillard et al…………………………………………………………...25 
Scheme 6. The proposed reaction scheme for the synthesis of bipyridine 
dicarboxamides. Cy is used in place of the cyclohexane structure, and some 
structures only show half the molecule to simplify the graphic.………..……..…34 
Scheme 7. The base catalyzed hydrolysis and base catalyzed amidation that occurs 
when DMSO-d6 is used as the solvent..………………….…….…………………..41 
 
 
  
xi 
Permission to Reprint 
Reprinted in part with permission from Allenbaugh, R.J.; Zachary, J. R.; Underwood, A. 
N.; Bryson, J. D.; Williams, J. R.; Shaw, A. Kinetic analysis of the complete 
mechanochemical synthesis of a palladium(II) carbene complex. Inorg. Chem. Commun. 
2020, 111, 107622. 
 
1 
Chapter 1: Introduction 
1.1 Mechanochemistry 
 Mechanochemical syntheses, processes in which reactions are driven by the 
input of mechanical energy, have seen an increase in popularity and research. This 
increase is in part due to the environmental and cost benefits of these types of 
syntheses which have been previously reviewed.1 The key to this type of synthesis is the 
reduction or elimination of solvents from the reaction, often with the added benefit of a 
reduced reaction time. Mechanochemistry is not a new concept; records of such 
methods date back to the fourth century B.C. with the grinding of cinnabar and acetic 
acid in copper containers to produce mercury.2 However, it has become a new topic of 
focus due to the unsustainable, wasteful, and occasionally dangerous use of solvents 
common in many traditional reactions. 
 The Allenbaugh research group has been focusing on the field of molecular 
mechanochemistry, the preparation of molecules or complexes that are individual and 
distinct, as compared to extended network materials.1-11 Ma and coworkers were some 
of the first to begin kinetic studies in this area.3 The work of the Allenbaugh research 
group12-14 and others15-18 has been towards optimization of mechanochemical syntheses. 
These works include both previously developed and new syntheses. The Allenbaugh 
group also looks at the application of the kinetic models19 developed for inorganic 
network material syntheses, such as nitrides and metal oxides, and testing if they could 
be applied to mechanochemical syntheses of different species.  
 First, this work will compare the solution and mechanochemical syntheses of 
furan-2-yl(pyrrolidin-1-yl)methanethione (1, Figure 1), as well as the optimization of the 
mechanochemical synthesis of N-hexadecylfuran-2-carbothioamide (2). This study is 
2 
carried out in an attempt at optimizing mechanochemical reactions that would provide 
greater benefits, compared to the traditional solution-based method. Doing so would give 
key insights into how to optimize syntheses for later mechanochemical synthesis 
research. 
 Second, this work will address the synthesis of 1,3-dibenzylbenzimidazolium 
bromide (HBZM-Bn2Br, 3, Figure 2), performed as a continuation to research by the 
group.20 That study, parts of which were later published,14 focused on the formation of a 
dimethyl substituted iodine salt, based upon a traditional method presented by Nguyen,21 
and continued on to form a metal complex. This work focuses on the formation of the 
benzyl bromide salt, not continuing on to the complex formation. Comparisons can then 
be made between the two syntheses based upon the alkyl halide used. 
1 2 
Figure 1. The structures of furan-2-yl(pyrrolidin-1-yl)methanethione (left) and N-
hexadecylfuran-2-carbothioamide (right). 
Figure 2. The structure of 1,3-dibenzylbenzimidazolium bromide. 
3 
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 Lastly, this work will look at the synthesis of N,N′-dioctyl-2,2′-bipyridine-4,4′-
dicarboxamide (4, Figure 3). To the knowledge of the group, this study is the first 
mechanochemical method for the synthesis of 4. This compound was chosen as a 
logical continuation of previous work by the group which studied bipyridine-based liquid 
crystalline species.12, 13 The group aims to further develop liquid crystalline compound 
studies based upon compound 4 once a mechanochemical method for synthesis has 
been developed. Since this work is the culmination of three distinct projects, the material 
will be treated individually, beginning with addressing the thioamide compound 
syntheses, then the benzimidazolium synthesis, and finishing on the bipyridyl-diamide 
synthesis. 
 Three solution-based syntheses are illustrated in Scheme 1, each will be 
explained later in this work. Syntheses using high solvent volume conditions are utilized 
in traditional methods where the reagents must be dissolved before reacting.22-24 Often, 
these syntheses require hazardous conditions, such as heating volatile reagents or the 
use of thionyl chloride. Frequently, the mixture must be further purified to isolate the 
desired product, which often generates more waste in the process. Mechanochemical 
methods heavily reduce or eliminate solvent use, allowing for higher yields and reduced 
reaction time. 
Figure 3. The structure of N,N′-dioctyl-2,2′-bipyridine-4,4′-dicarboxamide. 
4 
4 
 
Scheme 1. Traditional solution-based syntheses. The traditional method for the 
synthesis of various thioamides, presented by Chen et al.22 (top). The traditional 
method for the synthesis of 4 from the work of Hallett et al.23 (middle). An alternative 
traditional synthesis of 4 given by Luo et al.24 (bottom). 
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 Before the discussion of syntheses used, some consideration will be provided for 
yields and kinetic modelling, as applied to various reactions in this work; although the 
focus will be on the yields. Kinetics were studied by others in the Allenbaugh research 
group, and summaries of the data will be provided when available. 
1.2 Conversion Calculation 
 The Allenbaugh research group aims to achieve the highest possible final yields 
with all syntheses performed, which is one of the main concerns considered when 
attempting to optimize a reaction. The final yield includes any purification methods 
needed to isolate the product, meaning more focus must be given to ensure the 
mechanochemical synthesis reaches to or near complete conversion. To check if high 
conversion is achieved during optimization, the conversion of the reaction is tracked by 
generation of conversion fraction plots, 𝛼 vs time. The theoretical yield in moles (𝑛𝑡𝑦) is 
used in the calculation of the conversion fraction plots, which are used for both 
evaluation of the conversion process and kinetic model fitting. The conversion fraction, 
which is the ratio of moles of actual synthesized product (𝑛𝑝) compared to the theoretical 
moles synthesized, is calculated using Equation 1. 
           𝛼 =
𝑛𝑝
𝑛𝑡𝑦
                       (1) 
 For each optimization reaction, the conversion fraction plots are used to 
determine the validity of any changes made to the reaction. If higher yields are achieved 
at the cost of much longer reaction times, or if the reaction does not reach full 
conversion, a new optimization must be attempted. Once a valid reaction method is 
developed, the product is purified and the final yield is calculated. The criteria for a 
reaction to be called finished is as follows: the conversion fraction must be calculated to 
6 
be the same, within the margin of error, for three consecutive data points. At this point, 
the reaction is considered complete if it has reached full conversion, or dead if it has not.  
1.3 Kinetic Modeling 
 Another goal of the Allenbaugh research group is to study the kinetics of 
reactions used, with the goal of being able to accurately estimate the time to conversion. 
The better the kinetics of reaction are known, the more efficiently the benefits of these 
reactions can be utilized. This study considered two kinetic models, the Finke-Watzky 
(FW) model and the Johnson-Mehl-Avrami-Yerofeev-Kolmogrov (JMAYK) model, from 
the work by Finney and Finke.25 Since the kinetic modeling is not the focus of this work, 
greater detail will not be given here; summaries of the data are provided when relevant 
and more details can be found in previous works by the Allenbaugh research group.12-14 
 Although several kinetic models have been previously analyzed by the group, 
past research12 has shown that the reaction kinetics for other dialkyl-2,2′-bipyridine-4,4′-
dicarboxylate based syntheses are sigmoidal in nature. Furthermore, initial plots of the 
conversion fraction versus time curves for 1,3-dibenzylbenzimidazolium bromide were 
also sigmoidal. Sigmoidal data plots have three distinct portions: an induction period, in 
which reaction begins and builds slowly; the growth area, in which reaction occurs 
quickly; and the asymptotic area, in which reaction slows as values approach an 
asymptote. As these plots are not linear, the nonlinear JMAYK and FW kinetic models 
were given primary focus for data fitting in this study. The quality of the fit from each 
model for this study was based upon the coefficient of determination, 𝑅2 values, defined 
in Equation 2. In this equation, 𝑆𝑆 is the residual sum-of-squares, while 𝑆𝑆𝑡𝑜𝑡 is the total 
sum-of-squares. An acceptable 𝑅2 value for this study is greater than 0.95, which is a 
standard valued used by the Allenbaugh group. 
7 
      𝑅2 = 1 −
𝑆𝑆
𝑆𝑆𝑡𝑜𝑡
            (2) 
1.3.1 Finke-Watzky Model 
 The Finke-Watzky model (Equation 3) is a two-step kinetic scheme involving 
nucleation followed by autocatalytic growth, as shown in Equations 4 and 5.25 In the 
past, the FW model has fit data for loss of concentration of nanocluster precursor, given 
as A in Equations 4 and 5. This is compared to most solid-state reactions that are 
normally given in terms of amount of starting material transformed into product, 𝛼, which 
increases with time. The Finke-Watzky model gives separate rate parameters for 
nucleation (𝑘1) and for autocatalytic growth (𝑘2
′ ), as shown in Equation 3.  
            𝛼 =
𝑘1+𝑘′2
𝑘′2+𝑘1𝑒
(𝑘1+𝑘′2)𝑡
           (3) 
             𝐴
𝑘1
→ 𝐵            (4) 
        𝐴 + 𝐵
𝑘2
→ 2𝐵            (5) 
1.3.2 JMAYK Model 
 The Johnson-Mehl-Avrami-Yerofeev-Kolmogrov model has both linear and 
nonlinear variations. With the initial plots showing sigmoidal behavior, the nonlinear 
JMAYK model (Equation 6) was utilized for data fitting. The Avrami exponent, 𝑛, is the 
combination of the nucleation rate, growth mechanism, and dimensionality of growth, as 
broken down by Cumbrera and coworkers.26 The JMAYK model differs from the FW 
model in that the JMAYK model holds nucleation and growth in a single parameter (𝑘). 
      𝛼 = 1 − 𝑒−(𝑘𝑡)
𝑛
           (6)
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Chapter 2: Thioamide Compounds 
2.1 Introduction 
 The mechanochemical syntheses of furan-2-yl(pyrrolidin-1-yl)methanethione (1) 
and N-hexadecylfuran-2-carbothioamide (2) were explored for this work (Scheme 2). 
Compound 1 had previously been synthesized by Chen et al. using traditional solution-
based methods (Scheme 1, top),22 while 2 was a new derivative to the authors 
knowledge. This work was begun to find if a mechanochemical method could achieve a 
higher product yield than the literature method, which was reported to recover 37% of 
product. As this was the Allenbaugh research group’s first attempt at this series of 
syntheses, the literature method was used as a starting point for each synthesis of 1 and 
2. From there, variations were introduced to attempt optimization of each synthetic 
method.  
 
Scheme 2. The mechanochemical synthesis of furan-2-yl(pyrrolidin-1-
yl)methanethione (1) and N-hexadecylfuran-2-carbothioamide (2). The reactions use 
DMSO both as a solvent and a reagent to form I2. 
2 
1 
9 
 The work of Chen et al.22 and Wang et al.27 was compiled into the reaction 
mechanism shown in Scheme 3, which is the proposed pathway for the formation of 
product. The first step in this mechanism is the deprotonation of furfuryl disulfide by the 
amine. Two sulfur-containing intermediates are formed from this step. One intermediate 
forms a S=C double bond, and is then attacked by the amine at the thiocarbonyl carbon. 
A series of proton transfers, one intramolecular and one intermolecular, then forms the 
product. The second intermediate from the first step does not form the S=C double bond; 
instead, it remains as an ion. The electronegative sulfur attacks the ammonium cation 
and forms furfurylthiol, which can then be reformed into furfuryl disulfide, as achieved in 
Scheme 3 through an iodine-catalyzed proton transfer. The iodine is reformed based 
upon the bottom reaction from Scheme 2. This work shows that this is not the complete 
reaction mechanism, as there is evidence of a side reaction that causes decomposition 
to occur. This decomposition will be discussed further in the Results and Discussion 
(section 2.3). 
Scheme 3. Proposed mechanism for synthesis of 1 or 2.22, 27 
10 
 Initial trials for this study studied changing the molar ratio of reagents in the 
solution-based method for the synthesis of 1. Such trials included increasing iodine 
amount in an attempt to increase proton transfer rates and testing the effects of starting 
amine amount on the reaction rate. Later solution-based trials also tested the use of 
copper(I) chloride as an additional catalyst and the use of water as the solvent in place 
of DMSO, which would make the reaction more environmentally friendly. Initial 
mechanochemical trials for 1 tested if product could be formed using such a method. 
The mechanochemical synthesis of 2 began as an offshoot of synthesis of 1, testing if 
the use of a different amine would form product. For this study, all trials for 2 focused on 
optimizing the mole ratio to achieve higher conversion.  
2.2 Experimental 
2.2.1 General Procedures 
 Pyrrolidine and dimethyl sulfoxide were purchased from Sigma Aldrich; furfuryl 
disulfide (FFDS) and hexadecylamine (HDA) came from Sigma-Aldrich and TCI 
America. Iodine was obtained from Fisher Scientific. Copper(II) chloride was supplied by 
the Murray State University Chemistry Department, and copper(I) chloride was from 
MC/B Reagents.  All reagents were used as they came from the manufacturer with liquid 
reagents being dispensed using autopipettes with 1% error on volumes. Reactions were 
tracked using 1H NMR spectroscopy. Samples were taken with deuterated chloroform as 
the solvent, which had been stored over activated alumina to remove trace acid which 
would potentially protonate various compounds and complexes involved in the group’s 
work. A JEOL-ECS 400 MHz NMR spectrometer was used to record all 1H NMR spectra.  
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2.2.2 Solution-based Procedures 
 The solution-based synthesis was initially performed as given by Chen et al.22 
and reagent conditions used for initial trials are given in Table 1. A detailed procedure for 
a representative synthesis is also provided below. These reactions used a standard 
traditional reaction setup: a round bottom flask with a stir bar connected to a condenser 
was used as the reaction vessel, the reaction was heated via a heating mantle, and the 
reaction was left stirring overnight. To achieve consistent heating, a new heating mantle 
was made by members of the Allenbaugh research group, which allowed for better 
temperature control (Figure 4). This heating strategy was used for early solution 
syntheses of this type, with later solution syntheses also being carried out using a 
paraffin oil bath. Initially, temperatures used were near 100 °C and the mixtures were left 
to react for between 6 hours and several days; the majority, including all of Table 1, were 
left heating overnight with samples being taken the next day. Later trials used lower 
temperatures as it was hypothesized that it was the temperature causing issues 
observed in the reaction. Purification of 1 was carried out by extraction of product from 
the crude reaction material using hexanes, discussed later in this work. 
   Furan-2-yl(pyrrolidin-1-yl)methanethione (1): Furfuryl disulfide (0.021 mol, 3.8 
mL), pyrrolidine (0.041 mol, 3.4 mL), and deionized water (0.10 mol, 1.8 mL) were added 
to a round bottom flask. The mixture was stirred for overnight at 65 °C. Product was 
extracted into hexanes, recrystallized from that solvent, and dried under vacuum. The 
purified 1H NMR spectrum agreed with literature values.22 Yield: 0.343 g, 4.57%. 
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Reaction 
Number 
Reagent Amounts Volume 
DMSO (mL) 
Temperature 
(°C) I2 (mg) Pyrrolidine (μL) FFDS (μL) 
NSF-9 126.8 361 184.8 1.0 95 
NSF-10 141 361 184.8 1.0 95 
NSF-12 149.6 361 184.8 10.0 95 
NSF-13 148 361 184.8 12.0 95 
NSF-14 175.5 361 184.8 ~0.05 95 
NSF-15 148.6 361 184.8 --- 95 
NSF-16 148 361 369.5 10.0 95 
NSF-17 148.7 361 184.8 10.0 95 
NSF-22 142.9 373 184.8 1.5 95 
NSF-29 ---a 361 184.8 2.0 95 
NSF-30 ---a 361 184.8 ---b 95 
JRW-1 127.5 241 184.8 2.0 90 
JRW-2 127.4 241 184.8 2.0 90 
EO-1 62.7 125.0 92.4 20.0 90 
Table 1. Reaction conditions for the solution synthesis of 1. Abbreviations are as 
previously defined. All reactions were heated overnight before sampling. 
aCuCl2 was used in place of I2 with 112.3 mg and 115.1 mg, respectively. 
bToluene (30 mL) was used in place of DMSO. 
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 Later, solution-based trials tested reaction optimizations based upon the work of 
Wang et al.27 These changes were also made to mechanochemical synthesis of 1. The 
comparison between these reactions allowed observation of the differences between the 
traditional method and the mechanochemical method. Results of these optimization 
attempts will be discussed later in this work. Trials were carried out studying the addition 
of copper(I) chloride to the reaction based upon the work by Wang et al.27 as well as the 
addition of water into the reaction. Water was used as it was believed it would act as a 
hydrogen bond acceptor in the reaction, as DMSO would. Trials testing the use of water 
as a reagent and as a solvent have conditions summarized in Tables 2 and 3, 
respectively. The difference between water as a reagent and as a solvent is the amount 
used in the reaction. When referred to as a reagent, two equivalents of water were used. 
When referred to as a solvent, four or more equivalents of water were used. The 
Figure 4. The custom-built heating mantle (left) was used with the circulator (right) and 
ethylene glycol to provide greater heat control to the reaction flask. 
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traditional meaning of solvent is not meant here; rather, it is only used to distinguish 
between the two reaction types. 
  
 
 
 
Reaction 
Number 
Reagent Amounts 
I2  
(g) 
Pyrrolidine 
(μL) 
FFDS 
(μL) 
DMSO 
(μL) 
CuCl  
(g) 
H2O  
(μL) 
JB-1-20A 0.0029 728 775 0.627 0.0022 160 
JB-1-20B 0.0033 728 775 --- 0.0019 160 
JB-1-23A --- 728 775 --- --- --- 
JB-1-23B --- 728 775 --- --- 160 
JB-1-23C --- 728 775 --- 0.0026 --- 
JB-1-23E --- 728 775 --- 0.4092 --- 
Reaction 
Number 
Reagent Amounts Temperature 
(°C) Pyrrolidine (mL) FFDS (mL) H2O (mL) 
JRW-1-16 3.6 3.8 1.8 65 
RJA-2-37 3.6 3.8 0 65 
RJA-2-61 3.4 3.8 1.9 65 
RJA-2-62 3.4 3.8 1.8 65 
RJA-2-67 1.7 1.9 0.9 65 
JRW-1-17 1.5 1.9 0.9 60 
JRW-1-21 5.1 11.4 5.4 60 
RJA-1-80 3.0 3.8 1.8 60 
Table 2. Reaction conditions for water as a reagent tests of compound 1 synthesis 
testing reagent necessity. Reaction were heated overnight before sampling. 
Table 3. Reaction conditions for the synthesis of compound 1 with water as a solvent. 
Reaction were heated overnight before sampling. 
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2.2.3 Mechanochemical Procedures 
 Mechanochemical reactions for these syntheses were performed in either a 
SPEX 8000M mixer/mill or a SPEX 5100 mixer/mill. The SPEX 8000M mixer/mill had a 
lower oscillatory speed compared to the SPEX 5100 mixer/mill. However, the SPEX 
8000M mixer/mill was able to run for longer time intervals and hold more reaction vials at 
a time. These reactions required the use of Teflon™ vials. Early Teflon™ vials were 
custom built for the Allenbaugh group. These 4-mL vials were airtight and chemically 
inert, although they were more difficult to clean, cost more, and their size limited the 
number of reactions that could be run in a mixer/mill at a given time. Later, Dynalon 5-
mL Teflon™ vials, hereafter referred to as Teflon™ bottles, were obtained (Figure 5). A 
6.25-mm steel ball bearing was used for each vial, while two were used in each bottle. 
Samples of each trial were taken at set time intervals and 1H NMR analysis were run in 
deuterated chloroform, as previously mentioned. These NMR samples were given time 
to dissolve soluble material and were then filtered to remove insoluble material, much of 
which was decomposition products. 
 
 
 
 
 
 Initial mechanochemical reactions for compound 1 were based upon the solution-
based method presented by Chen et al.22 Table 4 has the reaction conditions for these 
trials. It was found that the SPEX 5100 mixer/mill, which had a higher oscillatory speed, 
Figure 5. Custom Teflon™ vial (left) and Dynalon bottle (right) used for 
mechanochemical synthesis. 
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was not always suitable for reactions, so the mill used for each reaction has been 
identified. Work by Wang et al. showed that copper(I) chloride or copper(II) chloride 
could be used as a catalyst.27 It was decided to utilize copper(I) chloride (CuCl), as initial 
trails using copper(II) chloride formed no product. The addition of a second catalyst also 
allowed for less iodine to be used. Table 5 summarizes these reaction conditions, with 
all milling carried out in the SPEX 8000M Mixer/mill. 
 
 
 
 
 
 
Reaction 
Number 
Reagent Amounts Volume 
DMSO 
(mL) 
Mill 
(5100/8000M) 
Time 
(minutes) I2 
(mg) 
Pyrrolidine 
(μL) 
FFDS 
(μL) 
EO-3 65.7 125 92.4 --- 8000M 200 
JRW-1-5 64.6 125 92.4 0.25 5100 990 
JRW-1-7 67.9 125 92.4 0.25 5100 870 
NSF-57 282.5 500 365.0 1.0 5100 300 
NSF-62 304.2 500 379.0 --- 5100 450 
RJA-1-111 113.2 125 92.4 0.125 5100 470 
RJA-2-13 ---a 58 63 --- 8000M 320 
Table 4. Initial mechanochemical synthesis of 1, based upon the traditional method 
presented by Chen et al.22 All reactions used the Teflon™ bottle. 
aRJA-2-13 had 98.8 mg of palladium chloride added in place of iodine. 
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 Synthesis of N-hexadecylfuran-2-carbothioamide (2) began as an offshoot from 
the mechanochemical synthesis of 1. There were no literature methods for the synthesis 
of 2, so the solution-based method for 1 by Chen et al.22 was adopted as the starting 
point. From there, changes were made as previously described, attempting to achieve 
the highest conversion fraction possible with a reasonable time frame. Table 6 gives the 
conditions used, and below is a detailed procedure of a representative synthesis. 
  N-hexadecylfuran-2-carbothioamide (2): Difurfuryl disulfide (0.503 mmol, 92.4 
μL), iodine (1.617 mmol, 0.4105 g), hexadecylamine (1.285 mmol, 310.3 mg), and 
DMSO-d6 (3.8 mmol, 0.25 mL) were added into a Teflon™ reaction bottle with two 6.35-
mm stainless steel mixing balls. The mixture was milled in the SPEX 8000M mixer/mill 
for 2000 minutes. After milling, 1H NMR spectrum indicated 23% conversion; as 
explained later, this is a large overestimate of the actual conversion due to 
decomposition of the reaction. 
 
Reaction 
Number 
Reagent Amounts Volume 
DMSO 
(mL) 
Time 
(minutes) I2 
(mg) 
Pyrrolidine 
(μL) 
FFDS 
(μL) 
CuCl 
(mg) 
RJA-2-15 23.9 58 63 ---a --- 180 
RJA-2-16 14.6 96.6 125 3.1 0.01 460 
RJA-2-17 4.3 289 375 4.5 0.03 200 
RJA-2-22A 3.3 353 375 2.1 0.328 5760 
JB-1-14 2.8 353 375 2.0 0.328 100b 
Table 5. Mechanochemical synthesis of 1, utilizing CuCl and catalytic I2. All reactions 
were performed in the SPEX 8000M mixer/mill using Teflon™ bottles. 
aRJA-2-15 had 16.4 mg of CuCl2 in place of CuCl. 
bJB-1-14 was left to sit overnight before being sampled. 
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2.3 Results and Discussion 
 Each run was analyzed by 1H NMR spectroscopy. In the spectra for compound 1 
(Appendix 1), the protons on the product were labeled as shown in Figure 6. Figure 7 
shows the resonance labeling for compound 2 (Appendices 2 and 3), as well as for 
furfuryl disulfide. Initial solution-based syntheses were subject to thermal decomposition 
in several experiments. These reactions ended either with black, solid material in the 
bottom of the reaction flask, or a black, viscous material that was not easily removed 
from the flask. This decomposition was mitigated to some degree with the introduction of 
the custom heating mantle; however, even with its use the reaction often decomposed, 
as thermal decomposition appeared to come from how quickly the reaction was heated. 
Reaction 
Number 
Reagent Amounts Volume 
DMSO (mL) 
Mill 
(5100/8000M) 
Time 
(minutes) I2 
(mg) 
HDA 
(mg) 
FFDS 
(μL) 
NSF-44 69.9 308.4 92.4 0.25 8000M 600 
JRW-1-4 73.0 306.0 92.4 0.25 8000M 1100 
NSF-46a 127.8 128.8 92.3 0.25 8000M 100 
NSF-47b 126.8 301.5 92.4 0.25 8000M 300 
NSF-48c 68.8 310.3 92.4 0.25 8000M 2000 
NSF-49 71.1 304.1 92.4 0.1863 8000M 30240 
NSF-50 49.0 301.5 92.4 0.25 8000M 400 
NSF-58 278.6 1242.7 379 1.0 5100 1130 
RJA-1-110 148.0 318.8 92.6 0.25 5100 470 
Table 6. Mechanochemical reaction conditions for the synthesis of 2. Abbreviations are 
as previously defined. 
aNSF-46 had 58.3 mg of Na2CO3 added. 
bNSF-47 had 0.05 mL of H2O added. 
cNSF-48 had 0.3417 g of I2 added after 1600 minutes of milling. 
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Figure 6. Labeled 1H NMR spectra of 1 in CDCl3. Resonances based upon chemical 
shift values presented by Chen et al.22 
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Figure 7. Labeled 1H NMR spectra of crude 2 in CDCl3. Resonance assignments for 
furfuryl disulfide are also labeled. Not all resonances have been assigned, as all 
samples had excessive decomposition of materials. 
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 Few of the solution syntheses formed the desired product, as shown in Table 7 
(next page), which accounts for the product formed as a ratio of product to furfuryl 
disulfide. It was found over the course of the study that decomposition occurred within 
the reaction itself, independent from the reaction temperature. This decomposition within 
the reaction also meant that the conversion fraction could not be accurately calculated. 
This calculation issue resulted from the mixture composition not being accurately 
represented by the samples taken, and no supported conclusions could be drawn from 
the optimization experiments performed. Without accurate calculation of conversion, 
tracking reaction progress was not possible. Decomposition during reaction was found 
within both mechanochemical syntheses as well, preventing high conversion. It was 
found that product 1 could be produced in low amounts and isolated in very low yields. 
There was no evidence that product 2 was formed in significant amounts in any reaction 
trials. The cause of this decomposition was not identified, although it was hypothesized 
to have been due to the product undergoing side reaction and breaking apart, as it was 
observed in both traditional and mechanochemical reactions and when either DMSO or 
water were used as solvents. 
 A purification method was developed for this study, with the yields of these trials 
summarized in Table 8. Initial purification methods used ethanol extraction and solvent 
reduction under lower pressure to crystallize the product from solution (JB-1-26 and 
JRW-1-16, Table 8). With the aim to increase product recovery, later methods used 
hexanes for extraction of the product from the reaction mixture, followed by solvent 
removal at reduced pressure (RJA-2-61, -62, -67, -80, Table 8). Although a purification 
method was developed that produced pure product, high yields were not achieved due 
to the decomposition of reaction material. 
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Reaction 
Number 
Time Ratio 
1:FFDS 
Notes 
NSF-9 O/N --- Total decomposition 
NSF-10 O/N 1:0  
NSF-12 O/N 0:0 Pyr and FFDS decomposed 
NSF-13 O/N 0:0 Pyr and FFDS decomposed 
NSF-14 O/N 0:0 Pyr and FFDS decomposed 
NSF-15 O/N 0:0 Pyr and FFDS decomposed 
NSF-16 O/N --- Total decomposition 
NSF-17 O/N --- Total decomposition 
NSF-22 O/N 0:0 Pyr and FFDS decomposed 
NSF-29 O/N 0:0 Pyr and FFDS decomposed 
NSF-30 O/N 0:0 Pyr and FFDS decomposed 
JRW-1 O/N --- Total decomposition 
JRW-2 O/N 1:11  
EO-1 26 hr 0:1 Pyr decomposed 
Table 7. Results from solution synthesis of 1. Ratios of 1:FFDS were determined by 1H 
NMR spectroscopy. Total decomposition occurred several times, preventing NMR data 
from being obtained. Pyr is pyrrolidine, FFDS is furfuryl disulfide.  
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2.4 Conclusion 
 The traditional and mechanochemical syntheses of 1 were performed for this 
work. The mechanochemical synthesis of 2 was also attempted. Although testing found 
that 1 could be produced using traditional methods, decomposition in all reactions 
caused very low conversion fractions by eliminating desired product. Purification of 1 
was achieved, but the low conversion fraction values meant that acceptable yields could 
not be recovered. No reaction trials produced an amount of 2 that was significant 
enough to warrant attempts at purification. Based upon these results, it was decided that 
these reaction methods were not suited for the synthesis of these compounds. Further 
work on these trials was suspended as new reactions were investigated by the group. 
 
 
 
 
 
Reaction Number Mass Recovered (g) Percent Yield 
JB-1-26 0.2870 3.82 
JRW-1-16 0.2589 3.45 
RJA-2-61 0.3515 4.68 
RJA-2-62 0.3429 4.57 
RJA-2-67 0.1074 2.86 
RJA-2-80 0.1737 2.31 
Table 8. Purification yields for the traditional synthesis of compound 1. High yields 
were not achieved due to severe decomposition within the reaction. 
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Chapter 3: 1,3-Dibenzylbenzimidazolium Bromide 
3.1 Introduction 
 The second portion of this work focuses on the mechanochemical synthesis of 
1,3-dibenzylbenzimidazolium bromide (HBZM-Bn2Br). This study developed alongside 
other research in the Allenbaugh group,20 which used methyl iodide as the alkyl halide in 
the reaction to form 1,3-dimethylbenzimidazolium iodide (HBZM-Me2I). That work also 
studied the mechanochemical synthesis of a palladium benzimidazole-2-ylidene complex 
using a solvent-free preparation (Scheme 4), as well as a kinetic study of the 
synthesis.14 This study looked at the optimization of the HBZM-Bn2Br synthesis, thought 
to go through a similar mechanism for the initial steps. This study only focuses on the 
first two steps of this reaction and does not continue to the formation of the complex. 
 
 
 
 
 Based upon previous work by the Allenbaugh group,20 as well as the literature 
presented by Beillard et al.,11 it was hypothesized that HBZM-Bn2Br could be 
mechanochemically synthesized, as those experiments demonstrated successful 
synthesis of similar molecules. Scheme 5 shows the synthesis from the work of Beillard 
et al.11 If HBZM-Bn2Br could be successfully synthesized using reasonable 
mechanochemical methods, it would further support the use of mechanochemistry in this 
area, improving upon similar methods for several different compound syntheses. 
 
Scheme 4. Mechanochemical synthesis of a palladium benzimidazole-2-ylidene 
complex using methyl iodide.14 
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 Several experimental decisions were considered for this work. It was determined 
that sodium carbonate (Na2CO3) could act as a base to neutralize acid formed during 
synthesis.20 For this reason, it was included in these reactions as well. In a concurrent 
study by the group, liquid assisted grinding (LAG) methods were studied for the 
synthesis of HBZM-Me2I.14, 28 A LAG method was also attempted for this synthesis, using 
deuterated chloroform as the assisting liquid, to test the hypothesis that using such a 
method would improve reaction rate. LAG methods operate on the concept that 
decreasing reaction viscosity increases reaction rate by allowing for a greater number of 
reactive collisions in the mixture, but not using a large excess of the added liquid. 
Although the benzyl bromide is less volatile than reactants in previous studies, it was 
decided to employ single-use reactions to sample for each time interval in order to 
minimize loss of reagent. This meant that each time interval for each method had at 
minimum three replicate trials that were only opened after milling for that amount of time 
and were not sampled again. This strategy greatly increased the number of reaction 
replicates used. Instead of plotting each individual time interval replicate, the conversion 
fractions were plotted as the average conversion fraction for that time interval, with error 
bars being one standard deviation. 
Scheme 5. Synthesis of 1,3-bipyridylbenzimidazolium bromide by mechanosynthesis, 
as presented by Beillard et al.11 
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3.2 Experimental 
 As with previous research, 1H NMR spectra were recorded using a JEOL-ECS 
400 MHz spectrometer at room temperature using CDCl3. Reagents were purchased 
from Sigma-Aldrich, Fisher Scientific, or TCI America and were used without additional 
purification. The early reactions for yield used a SPEX 5100 mixer/mill, while later 
reactions were carried out using a SPEX 8000M mixer/mill. As mentioned before, both 
neat and LAG methods were utilized for this study. Table 9 summarizes the reaction 
conditions for each method. 
 1,3-dibenzylbenzimidazolium bromide (3). Two 6.35-mm stainless steel balls, 
benzimidazole (254.0 mg, 2.150 mmol), sodium carbonate (411.9 mg, 3.886 mmol), and 
benzyl bromide (755 μL, 6.36 mmol) were added into a 5-mL Teflon™ bottle and 
premixed before being milled for 1100 min in a SPEX 5100 mixer/mill. The reaction 
mixture was dissolved into hot ethanol and quickly filtered to remove sodium carbonate 
and bicarbonate. The product crystallized from the ethanol, then was collected by 
vacuum filtration and dried in a desiccator. The proton NMR spectrum of 3 agrees with 
literature,29 and is given in Appendix 5. Yield: 766.9 mg, 94.0%. 
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3.3 Results and Discussion 
 With the use of 1H NMR spectroscopy, integration of key signals of HBZM, 
HBZM-BnBr, and HBZM-Bn2Br were used to determine conversion fraction of each 
sample. For this study, the HBZM imidazole proton signal at 8.05 ppm and the 
intermediate HBZM-BnBr methylene signal at 5.35 ppm were integrated relative to the 
product HBZM-Bn2Br methylene signal at 5.78 ppm to determine the relative abundance 
of each. Figure 8 is an example NMR spectrum showing the preparation of HBZM-Bn2Br 
with the appropriate structures under each resonance. The intermediate resonances 
were assigned based upon predictions by nmrdb.org30 as the compound was not 
isolated for this study. 
Reaction Reagent Amount 
3 BnBr, neat HBZM 
Na2CO3 
BnBr 
CDCl3 
0.2092±0.0003 g 
0.377±0.003 g 
631 μL 
0 μL 
3 BnBr, LAG HBZM 
Na2CO3 
BnBr 
CDCl3 
0.2091±0.0006 g 
0.377±0.003 g 
631 μL 
567 μL 
2 BnBr, neat HBZM 
Na2CO3 
BnBr 
CDCl3 
0.2092±0.0004 g 
0.376±0.002 g 
420 μL 
0 μL 
Table 9. Masses and volumes of reagents used for conversion studies. Masses are the 
average of multiple replicates. 
 
Table A. Masses and volumes of reagents used for kinetic studies. Masses are 
averages of each replicate. 
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Figure 8. Portion of the NMR spectrum for the mechanosynthesis of 3. Structures for 
the relevant species are given under the spectrum, color coded to the respective 
resonance. The doublet at 7.89 ppm is due to impurities in the HBZM starting material. 
Spectrum is from the 3 equivalent BnBr neat reaction after 100 minutes of milling, and 
has been cut to allow relevant resonances to be shown. The full spectrum and a 
purified spectrum are given in Appendix 4 and 5, respectively. 
       H      HA       HB                H      H 
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 Three different reaction types were performed for this work, using three different 
methods to allow for comparisons to be made to other research carried out by the 
group.14, 28 The initial neat synthesis was a neat reaction method similar to that used for 
the synthesis of HBZM-Me2I,28 which called for three equivalents of BnBr reacted with 
HBZM and two equivalents of Na2CO3. The second neat method used two equivalents of 
BnBr reacted with HBZM and two equivalents of Na2CO3. The third method was the LAG 
method, utilizing three equivalents BnBr and two equivalents Na2CO3 reacted with 
HBZM in four equivalents of CDCl3. Figure 9 shows the conversion fraction plot of these 
three methods, using the average conversion fraction for each time interval.  
 Figure 9 also has the JMAYK (solid lines) and FW (dashed lines) modeling 
results shown, as analyzed by others in the Allenbaugh research group. It was 
determined that complete conversion for the three equivalent neat method was reached 
at 400 minutes of milling. The two equivalent neat method achieved complete 
conversion at 350 minutes. The LAG method, using three equivalents of BnBr with two 
equivalents of Na2CO3, reached full conversion at 350 minutes. Table 10 summarizes 
the kinetic modeling for these reactions. It was found that that both the JMAYK and the 
FW model gave acceptable fits to the data for the three equivalents BnBr LAG method 
and the two equivalents BnBr neat method. This means either model could be used to 
predict conversion rate of future reaction trials. When applied to the three equivalent 
BnBr neat method, neither model gave an 𝑅2 value higher than 0.95. The lower 
statistical fit could be due to the large amount of variation in the conversion fraction 
between the 200- and 300-minute marks. 
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 Based upon these conversion fractions and times, it was decided that there was 
not a significant difference in the conversion time of the reactions. This meant that 
decreasing the molar ratio of BnBr to HBZM from 3:1 to 2:1 in the neat methods did not 
influence the overall reaction time for the synthesis. This also meant that, although 
successful, the LAG method did not take significantly less time to complete, and 
therefore cannot be considered a superior mechanochemical method for this reaction. 
However, these results did indicate that the LAG method decreased the induction time of 
the reaction, which allowed product to begin forming earlier when compared to the neat 
methods. 
Figure 9. Conversion fraction versus time plot for the synthesis of 3 using 2 
equivalents BnBr neat (□), 3 equivalents BnBr neat (∆), and 3 equivalents BnBr LAG 
(○) conditions. The results of JMAYK (solid lines) and FW modeling (dashed lines) are 
shown. 
31 
 
 
 This series of reactions by the Allenbaugh research group are somewhat unique 
in that a well-defined intermediate can also be tracked during the course of the reaction, 
as shown in Figure 10. Although no kinetic models were fit to this data, 1H NMR analysis 
shows that the amount of intermediate that builds up in the reaction directly relates to the 
amount of liquid, either BnBr or CDCl3, in the reaction mixture. This implies that the 
intermediate is stabilized by the liquid during reaction, as the LAG method, which had 
more liquid within the reaction bottle, displays faster intermediate growth and slower 
intermediate decay than the neat methods. 
Reaction JMAYK FW 
3 BnBr, neat  𝑘 = 4.305 × 10−3 
 𝑛 = 3.705 
 𝑅2 = 0.9445 
 𝑘 = 1.530 × 10−4 
 𝑘2
′ = 2.4078 ×  10−2 
 𝑅2 = 0.9464 
3 BnBr, LAG  𝑘 = 6.075 × 10−3 
 𝑛 = 2.180 
 𝑅2 = 0.9902 
 𝑘 = 1.056 × 10−3 
 𝑘2
′ = 2.0962 ×  10−2 
 𝑅2 = 0.9890 
2 BnBr, neat  𝑘 = 4.226 × 10−3 
 𝑛 = 3.956 
 𝑅2 = 0.9826 
 𝑘 = 7.160 × 10−5 
 𝑘2
′ = 2.7519 ×  10−2 
 𝑅2 = 0.9801 
Table 10. Results from the kinetic modeling of the synthesis of compound 3. 
 
Table A. Results from the kinetic modeling of the synthesis of compound 3. 
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3.4 Conclusion 
 Three different mechanochemical methods were evaluated for this study. All 
three methods reached complete conversion, with only a 50-minute difference between 
the fastest and slowest reaction. While the use of the LAG method did reach complete 
conversion, it was decided that it was not superior to the neat reaction methods as it did 
not reach full conversion faster, nor did it use less solvent when compared to the neat 
methods used. Overall, a green, quick mechanochemical method was developed, along 
with a purification method, that gave desired product with reduced time and waste when 
compared to similar solution-based methods.
Figure 10. Conversion fraction versus time plot from the synthesis of intermediate 
using 2 equivalents BnBr neat (□), 3 equivalents BnBr neat (∆), and 3 equivalents BnBr 
LAG (○) conditions. 
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Chapter 4: N,N′-Dioctyl-2,2′-Bipyridine-4,4′-Dicarboxamide 
4.1 Introduction 
 The final portion of this study focused on the ongoing synthesis of N,N′-dioctyl-
2,2′-bipyridine-4,4′-dicarboxamide (4), which began as a continuation from previous 
research by the Allenbaugh research group. These prior works by the group had much 
success with the synthesis of several bipyridyl complexes.12,13,20,28,31 It was found that 
ester-linked bipyridine ligands could not be mechanochemically synthesized. This meant 
a single-step complex formation synthesis could not be performed and further 
development of liquid crystalline complexes by the group was halted. The development 
of amide-linked ligands could be the next step in the formation of these complexes.  
 To the author’s knowledge, this synthesis is the first mechanochemical synthesis 
of the compound. Traditional methods for the synthesis, shown in Scheme 1 (middle and 
bottom), requires 4,4′-diethoxycarbonyl-2,2′-bipyridine to be dissolved in roughly 30 
equivalents of octylamine and heated to reflux for 16 hours,23 or requires multiple steps 
for preparation of reagents and the use of thionyl chloride at reflux overnight.24  This 
study aimed to develop a mechanochemical synthesis and purification method for 4 that 
would be both greener and quicker than traditional methods. 
 Scheme 6 is the general reaction pathway currently believed to occur for the 
synthesis of 4. To begin, the starting ligand is deprotonated by amine, forming an 
ammonium salt. This step indicates that using excess amine is necessary for acceptable 
reaction times; data given later supports this idea. It was also found that the reaction 
would occur, albeit very slowly, without excess amine. Next, the deprotonated oxygen 
attacks the carbodiimide carbon of DCC, forming the o-acylisourea. This is attacked by 
the amine, breaking the carbon-oxygen double bond and then undergoing a proton 
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transfer. From there, the carbon-oxygen double bond is reformed and the urea, DCU, is 
removed. The sequence shown in Scheme 6 shows half the molecule, but reactions 
occur at both carboxylic acid sites. 
 
4.2 Experimental 
 All reactions were carried out in a SPEX 8000M Mixer/Mill using the newer 5-mL 
Teflon™ bottles and two 6.35-mm stainless steel mixing balls. As this is the preliminary 
study on this synthesis, some reactions were performed in triplicate to verify 
consistency, while others were single trials meant to generate an idea of how a change 
affects the synthesis. A Perkin Elmer Spectrum Two spectrometer with a Universal 
Attenuated Total Reflectance accessory was used to generate IR spectra. All 1H NMR 
analysis were run on the JEOL 400 MHz NMR mentioned previously, with CDCl3 as the 
primary solvent. Although some 1H NMR spectra were taken in DMSO-d6, all conversion 
Scheme 6. The proposed reaction scheme for the synthesis of bipyridine 
dicarboxamides. Cy is used in place of the cyclohexane structure, and some structures 
only show half the molecule to simplify the graphic. 
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calculations used spectra with CDCl3 as the solvent. Starting ligand, 2,2′-bipyridine-4,4′-
dicarboxylic acid (L0), was purchased from TCI America, as was n-octylamine (amine) 
and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC.HCl). The 
primary coupling reagent, N,N′-dicyclohexylcarbodiimide (DCC), was purchased from 
Sigma-Aldrich. Triethylamine (NEt3) was supplied by the Murray State University 
Department of Chemistry. Reagents were used as they came from the manufacturer. 
 Two reaction methods were used for this study: mechanochemical ball milling, 
which is the method that the Allenbaugh research group primarily focuses on, and 
traditional stirring methods, which will use the same mole ratios as milling and consider if 
milling is superior or needed for reaction to occur. Previous work by the group has 
shown that some reactions can be carried out using stir methods, with high yields and 
simple purifications.13, 20 Table 10 shows the reaction conditions for the early reactions. 
Each was performed in triplicate, so the average values are given. As this study is still in 
progress, the detailed experimental given below is based upon the best-case trials 
performed, achieving complete conversion, as determined by NMR spectroscopy, in the 
shortest amount of time. It is only one example of the methods used. 
 N,N′-Dioctyl-2,2′-bipyridine-4,4′-dicarboxamide (4). In a 5 mL Teflon™ bottle, 2,2′-
bipyridine-4,4′-dicarboxylic acid (51.0 mg, 0.209 mmol), N,N′-dicyclohexylcarbodiimide 
(84.3 mg, 0.409 mmol), and two 6.35-mm stainless steel balls were premixed. Then n-
octylamine (135.4 μL, 0.8381 mmol) was added before the bottle was tightly closed and 
milled for 200 minutes in the SPEX 8000M mixer/mill. As of this time, purification 
methods are still under development. Conversion fraction, based upon 1H NMR analysis: 
𝛼 = 1.03. NMR data agrees with literature values.32 
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 These early reactions provided a baseline to compare to when optimization 
attempts were made. Further discussion of the results of reactions can be found later in 
this work; therefore, only summaries of the reaction conditions are given here. Trials 
testing the needed equivalents of DCC are summarized in Table 12. Several sets of 
reactions were carried out testing the reagents in the reaction. Table 13 gives reaction 
conditions for trials using EDC.HCl as a coupling reagent in place of DCC, to test if the 
reaction would take place using the different coupling agent. These tests were compared 
to reactions using similar mole ratios with DCC. Later reactions began using 
triethylamine (NEt3) in an effort to reduce octylamine use in the reaction. Table 14 
summarizes these reactions. 
 
 
Reaction 
Number 
Type Reagent Amounts Mole Ratio 
L0:DCC:Amine 
L0 DCC Octylamine 
NU-1-118 Mill 50.4±0.5 mg 173.5±0.6 mg 135.4 μL 1:4:4 
ZK-1-002 Stir 51±1 mg 180±11 mg 135.4 μL 1:4:4 
ZK-1-003 Stir 50.3±0.2 mg 338±1 mg 135.4 μL 1:8:4 
NU-1-120 Mill 50.9±0.6 mg 86.7±0.8 mg 135.4 μL 1:2:4 
JRW-1-38 Mill 49.7±0.1 mg 339±2 mg 135.4 μL 1:8:4 
JRW-1-41 Mill 50.5±0.1 mg 85.5±0.6 mg 135.4 μL 1:2:4 
JRW-1-42 Mill 205±2 mg 337.8±0.2 mg 542.0 μL 1:2:4 
JRW-1-43 Mill 50.8±0.1 mg 84.7±0.4 mg 135.4 μL 1:2:4 
Table 11. Reaction conditions for the initial mechanochemical synthesis of 4. Error 
given is one standard deviation. Octylamine volumes have a 1% error. 
 
Table #. Reaction conditions for the initial mechanochemical synthesis of 4. Error 
given is one standard deviation. 
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Reaction 
Number 
Reagent Amounts Mole Ratio 
L0:DCC:Amine:NEt3 
L0 DCC Octylamine NEt3 
JRW-1-43C 51.0 mg 84.3 mg 135.4 μL --- 1:2:4:0 
JRW-1-54B 51.4 mg 86.6 mg 69.2 μL 28.4 μL 1:2:2:1 
JRW-1-55Ca 50.8 mg 86.6 mg 69.2 μL 28.4 μL 1:2:2:1 
JRW-1-60 50.6 mg 84.8 mg 69.2 μL 28.4 μL 1:2:2:1 
 
 
Reaction 
Number 
Reagent Amounts Mole Ratio 
L0:DCC:Amine L0 DCC Octylamine 
JRW-1-43 50.8±0.1 mg 84.7±0.4 mg 135.4 μL 1:2:4 
JRW-1-51 51.5 mg 10.7 mg 135.4 μL 1:0.2:4 
JRW-1-54A 52.0 mg 0 mg 135.4 μL 1:0:4 
JRW-1-55Aa 50.5 mg 0 mg 138.4 μL 1:0:4 
Reaction 
Number  
Reagent Amounts Mole Ratio 
L0:EDC.HCl:Amine L0 EDC.HCl Octylamine 
JRW-1-44a 50.7±0.2 mg 79.1±0.9 mg 135.4 μL 1:2:4 
JRW-1-45 50.9±0.4 mg 79.1±0.5 mg 67.8 μL 1:2:2 
JRW-1-46 51.9 mg 78.7 mg --- 1:2:0 
JRW-1-47 52.0 mg 79.0 mg ---a 1:2:0 
Table 12. Reaction conditions for trials using differing amounts of DCC. Abbreviations 
are as previously defined. 
 
Table #. Reaction conditions for DCC analysis. Abbreviations are as previously 
defined. 
Table 13. Reaction conditions for use of EDC.HCl in place of DCC. Abbreviations are 
as previously defined. 
 
Table #. Reaction conditions for DCC analysis. Abbreviations are as previously 
defined. 
aJRW-1-47 had 58.9 mg of methanol added to the reaction bottle before milling. 
 
aNMR spectrum were obscured by overlapping peaks, no accurate integrations. 
b58.9 mg of methanol added to this reaction. 
aJRW-1-55A had 0.2180 g of molecular sieves added to the reaction. 
 
 
a0.2180 g of molecular sieves were added to the reaction. 
 
Table 14. Reactio  conditions for th  ddition of NEt3 with the reduction of octylamine. 
aJRW-1-55C had 0.2112 g of molecular sieves added to the reaction. 
 
aNMR spectrum were obscured by overlapping peaks, no accurate integrations. 
b58.9 mg of methanol added to this reaction. 
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 The effect of the reaction size was also considered for this study. To test 
purification methods, greater amounts of product were needed. To do so, either more 
reactions had to be carried out at the same size, or the reaction had to be carried out 
using greater amounts of reagents. Increasing the size of the reaction had to be 
evaluated, as increasing reaction size by too much might negatively affect the reaction 
conversion or the conversion time. This would be due to the kinetic energy imparted by 
the milling balls not being sufficient to convert a larger mass of reagents. Table 15 gives 
the conditions used for these trials. 
 
 
 
4.3 Results and Discussion 
 1H NMR spectra were analyzed to follow conversion fractions. The resonance 
assignments were based upon literature values of 4 and similar carboxamide species, 
adjusted for the solvent effects.23, 24, 32 Appendix 6 is an example NMR spectrum used for 
analysis. The product resonance used for analysis, from the 5,5′ protons on the aromatic 
ring, is at 7.84 ppm. The resonance at 2.65 ppm is from the alpha-protons of octylamine, 
while the resonance at 0.86 ppm was the methyl end-group on the carbon chain from 
both the free amine and the desired product.  
Reaction 
Number 
Reagent Amounts Mole Ratio 
L0:DCC:Amine L0 DCC Octylamine 
JRW-1-41 50.5 ± 0.1 mg 85.5 ± 0.6 mg 135.4 μL 1:2:4 
JRW-1-42 205 ± 2 mg 337.8 ± 0.2 mg 542 μL 1:2:4 
JRW-1-49 204.3 mg 339.2 mg 542 μL 1:2:4 
Table 15. Reaction conditions for the increase of reaction scale. Masses were 
increased by four times original values. Octylamine was dispensed using an 
autopipette with an error of 1%. 
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 The 1H NMR analysis of initial reactions did not show if DCC was being 
converted into DCU during reaction because distinct resonances for DCU were not 
observed. The lack of these independent resonances for DCU indicated that the DCU 
resonances overlap other resonances in the reaction. This overlap was unexpected, as 
resonance overlap to this extent was not observed in other solvents. To confirm 
conversion of DCC to DCU, IR spectroscopy was used. Figure 10 is two abbreviated IR 
spectra from the baseline mole ratio method before reaction (top) and after 200 minutes 
of milling (bottom). Appendix 7 contains the full IR spectra. DCC shows an absorption at 
2120 cm-1, due to the N=C=N double bond chain. DCU shows a broad, weak absorption 
at 3200 cm-1, due to the N-H stretching. As seen in Figure 11, after 200 minutes of 
milling, nearly all the DCC absorbance is gone, while the broad peak for DCU has 
grown. These changes strongly indicate that DCC is being converted to DCU. The 
changes also confirm the DCU resonances must be overlapping other resonances in the 
1H NMR spectra. The 1H NMR resonance at 1.89 ppm was assigned to the DCC and 
DCU cyclohexane ring protons. After 1H NMR analysis and IR spectroscopy, it was 
determined that insoluble intermediates were forming during the reaction. 
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 When initial 1H NMR samples were taken, using CDCl3, it was observed that the 
reaction material did not fully dissolve into the solvent. Trials found that some of this 
insoluble material was the dicarboxylate salt. Since direct conversion fraction calculation 
relies upon the sample being representative of the material, different solvents were 
tested to see if the material displayed higher solubility. Solvent tests were performed 
using deuterium oxide, D2O, deuterated dimethyl sulfoxide, DMSO-d6, and CDCl3 as a 
standard. For these tests, attempts were made to dissolve as much reaction material as 
possible into each of these samples. Spectra from before milling and after 200 minutes 
of milling were compared to each other (Appendix 8). It was found that not all the 
material would dissolve into DMSO-d6. It was also found that use of DMSO-d6 as a 
solvent-promoted base catalyzed amidation and the reverse base catalyzed hydrolysis, 
Figure 11. A portion of the IR spectra of 4 synthesis before milling (top) and after 200 
minutes of milling (bottom). The full spectra are given in Appendix 6. 
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shown in Scheme 7. These reactions are only possible if water is present, which is likely 
in this case due to the tendency of DMSO-d6 to absorb water. Because of these 
reactions, the resonances in DMSO-d6 spectra were shifted from literature values, as the 
instrument produced the average resonance as the reversible reactions occurred within 
the sample solution. 
 It was decided to continue using CDCl3 as the sample solvent. Because of the 
insolubility of the dicarboxylate salt, the conversion fraction was calculated using the 
fraction of DCC and DCU versus the species with -C8H17 moieties as an internal 
standard. This method of calculation was used because the ratio between the two 
should remain constant over the course of the reaction, if all species containing these 
moieties remain dissolved. Doing so accounted for insoluble species formed during 
reaction.  
 
 To begin, two different methods for reaction were attempted to find how the 
reaction changed. Table 16 summarizes the results of these early trials. First, the 
reaction was attempted using the group’s standard mechanochemical apparatus: the 
SPEX 8000M mixer/mill. It was found that the ratio of one mole starting ligand to four 
moles octylamine and two moles DCC gave high conversion (𝛼 ≥  0.9) with the lowest 
Scheme 7. The base catalyzed hydrolysis and base catalyzed amidation that occurs 
when DMSO-d6 is used as the solvent. 
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possible time: 200 minutes. Next, the need for using mechanochemical methods was 
tested. In previous studies, the Allenbaugh group has found that some reactions will 
proceed at room temperature in glass scintillation vials with simple stirring.20 This 
method was applied to this reaction as well, and results indicated that this reaction would 
proceed in this manner. However, this method was much slower to convert, reaching a 
conversion fraction of 0.65 after 300 minutes of reaction. (ZK-1-002, Table 16). When 
stirring was compared to complete conversion with 200 minutes of milling, the stirring 
approach was decided to be unreasonably slow, so these trials were ended. 
 
 
 
 
 As product has been synthesized, the next step for the study is purification. 
Initially, literature indicated both DCC and N,N′-dicyclohexylurea (DCU) could be 
separated out by filtration and recrystallization. However, once product was formed, it 
Reaction 
Number 
Type Mole Ratio 
L0:DCC:Amine 
Maximum 
Conversion Time 
(minutes) 
Maximum 
Conversion 
Fraction (𝜶) 
NU-1-118 Mill 1:4:4 100 0.44 
ZK-1-002 Stir 1:4:4 300 0.65 
ZK-1-003 Stir 1:8:4 2837 1.35a 
NU-1-120 Mill 1:2:4 200 0.96 
JRW-1-38 Mill 1:8:4 400 1.06a 
JRW-1-41 Mill 1:2:4 300 1.06a 
JRW-1-42 Mill 1:2:4 200 1.05 
JRW-1-43 Mill 1:2:4 200 1.03 
Table 16. Results from early syntheses. Conversion fraction is the highest in the set 
with the corresponding conversion time. Abbreviations are as previously defined. 
 
Table #. Results from mechanochemical synthesis. Type and molar ratio data are 
repeated for clarity. Conversion time is given for longest reaction in a set, while 
conversion fraction is the highest in the set. Abbreviations are as previously defined. 
aNMR spectra had baseline issues, leading to alpha values higher than 1.00 and 
outside the error range expected from analysis.  
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was observed that the product had very similar solubility as the DCC and DCU. Neither 
the remaining DCC nor the formed DCU could be easily removed; therefore, trials 
attempting to reduce the use DCC were begun.  
 First, the amount of DCC needed in the reaction was tested. Previous trials had 
already shown that excess DCC did not decrease reaction time (JRW-1-38, Table 16). 
Table 17 summarizes the conditions used for using decrease equivalents of DCC. It was 
found that two equivalents of DCC were needed for the reaction to reach complete 
conversion. Then, tests using EDC.HCl as the coupling agent found that the reaction 
was specific to using DCC, as when EDC.HCl was used in its place no product was 
formed (Table 18). It was also observed that the 1H NMR spectra had a multitude of 
resonances that overlapped. These reactions, while interesting, did not yield positive 
results and were discontinued. 
 
 
 
 
 
 
Reaction 
Number 
Mole Ratios Maximum 
Conversion 
Time (min) 
Maximum 
Conversion 
Fraction (𝜶) L0 DCC Octylamine 
JRW-1-43 1.00 1.972 ± 0.013 4.027 ± 0.01 200 1.03 
JRW-1-51 1.00 0.246 3.975 300 0.12 
JRW-1-54A 1.00 --- 3.936 300 ---a 
JRW-1-55Ab 1.00 --- 4.143 300 ---a 
Table 17. Results for trials using varying amounts of DCC. Abbreviations are as 
previously defined. When no DCC was used, no conversion to product was observed. 
 
Table #. Reaction conditions for DCC analysis. Abbreviations are as previously 
defined. 
aJRW-1-54A and JRW-1-55A had no product formation, but it was observed that the 
acid-base reaction occurred, producing the dicarboxylate salt. 
bJRW-1-55A had 0.2180 g of molecular sieves added to the reaction. 
 
 
a0.2180 g of molecular sieves were added to the reaction. 
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 The necessity of using excess n-octylamine for reaction was also considered for 
this study. For purification, testing found that octylamine required several solvent washes 
to remove. Excess washes could decrease final yield, so attempts were made to reduce 
the mole equivalents of octylamine used in the reaction. For this reason, triethylamine 
was introduced based upon the idea that it would react in the acid-base reaction with 
starting ligand to deprotonate the carboxylic acids. Using NEt3 for this step would leave 
the octylamine to react with the o-acylisourea to form desired product (see Scheme 6). 
The results for this approach are given in Table 19. Trials concluded that adding NEt3 to 
the reaction would prevent full conversion to product. This reduced conversion is thought 
to be related to the pKb of triethylamine and n-octylamine, 3.38 and 3.35, respectively. 
Octylamine is slightly more basic, meaning it is slightly more favorable for reaction, and 
is likely still reacting in the deprotonation step. Because less octylamine is present, as 
the mole equivalents were changed, the use of octylamine in the first step of reaction 
limits conversion to final product. Since these trials did not reach high conversion, it was 
decided that NEt3 was not suitable for this reaction. Future trials using different amines 
are planned to see if this area can be improved. 
Reaction 
Number 
Mole Ratios Maximum 
Conversion 
Time (min) 
Maximum 
Conversion 
Fraction (𝜶) L0 EDC.HCl Octylamine 
JRW-1-44 1.00 1.99 ± 0.02 4.04 ± 0.01 100 0 
JRW-1-45 1.00 1.98 ± 0.02 2.01 ± 0.01 200 0 
JRW-1-46 1.00 1.932 --- 300 0 
JRW-1-47 1.00 1.935 ---a 200 0 
Table 18. Results from syntheses using EDC.HCl as a coupling agent in place of DCC. 
aJRW-1-47 had 58.9 mg of methanol added to the reaction bottle before milling. 
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 Various other changes were attempted as well, but failed to give favorable 
results. These have been noted in their respective tables, based upon which stage of 
testing they were carried out in. Methanol was added during one of the EDC.HCl runs, 
with no amine in the reaction, to see the result of the reaction (JRW-1-47, Table 18). It 
was found to take on a bright pink color during milling, which was thought to come from 
the reaction leaching iron out of the steel milling balls. The 1H NMR spectra showed that 
it produced several bipyridine compounds, but further analysis was not performed. 
Molecular sieves were added to several trials using different mole equivalents. Most of 
these reactions showed no conversion, and the few that did showed minimal conversion. 
Because of these results, it was determined that molecular sieves not only did not 
contribute to reaction, but instead hindered it. 
 Currently, a green purification of the product is still in development. To further 
test purification methods, more product had to be synthesized. To do so, attempts to 
scale up the reaction to get greater amounts of product formation were carried out. It 
was thought that significantly increasing reaction size could have a negative effect on 
the reaction, either by decreasing conversion or increasing conversion time. This change 
Reaction 
Number 
Mole Ratios Maximum 
Conversion 
Time (min) 
Maximum 
Conversion 
Fraction (𝜶) L
0 DCC Octylamine NEt3 
JRW-1-43 1.00 1.97 ± 0.01 4.03 ± 0.01 --- 200 1.03 
JRW-1-52 1.00 2.025 2.072 --- 300 --- 
JRW-1-54B 1.00 1.994 2.035 0.968 300 0.06 
JRW-1-55Ca 1.00 2.018 2.059 0.980 100 0.06 
Table 19. Synthesis attempts using NEt3 in addition to octylamine. 
 
Table #. Synthesis attempts using Net3 in addition to Octylam ne. 
aJRW-1-55C had 0.2112 g of molecular sieves added to the reaction. 
 
a0.2112 g of molecular sieves were added to this reaction. 
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would occur due to the physical properties of the method. The vials hold a limited 
amount of material, while still leaving space for the milling balls to move within the vial. If 
the milling balls are unable to properly move, no mechanical energy is transferred into 
the reaction and no reaction occurs. Furthermore, if the kinetic energy input is not scaled 
up proportional to the reaction, it could result in a lack of energy being transferred to the 
reagents. Table 20 summarizes these results, which indicate that increasing reaction 
size by four times did not hinder conversion or increase conversion time. However, these 
trials found that 1H NMR spectra baselines were not resolved, which caused 
overestimation of the conversion fraction for these reactions. It seems unlikely that 
tracking conversion in this way would be applicable to future trials at this scale. 
Increasing the reaction by more than four times was not possible for the group, as more 
material would not fit within the bottles used. 
 
 
 
 
 
 
 
Reaction 
Number 
Mole Ratios Maximum 
Conversion 
Time (min) 
Maximum 
Conversion 
Fraction (𝜶) L
0 DCC Octylamine 
JRW-1-41 1.00 2.00 ± 0.02 4.05 ± 0.01 300 1.06 
JRW-1-42 1.00 1.9 ± 0.1 4.00 ± 0.03 200 1.05 
JRW-1-49 1.00 1.965 4.011 200 1.18a 
Table 20. Results from the increase of reaction scale. Masses were increased by four 
times original values. 
aBaseline for the DCC/DCU resonance was not clearly resolved. 
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4.4 Conclusion 
 This synthesis, if a valid purification method can be developed, would be a 
marked improvement upon the traditional methods. Achieving complete conversion in 
200 minutes, followed by a simple purification, would be more efficient compared to the 
16-hour solution-based synthesis. A synthetic method achieving complete conversion 
has been developed. Next, product must be purified with a high yield. Currently, a few 
plans exist to achieve purification. One plan is to use a different amine that is a stronger 
base than octylamine, allowing for less octylamine to be used and reducing how much 
must be removed from the mixture. Also, further study into solvents must be performed 
to determine if column chromatography could be used as a purification method, which 
depends upon if an appropriate solvent can be found. Once product can be purified, 
kinetics of reaction must be studied to fully detail the synthesis method. That is the aim 
of the Allenbaugh research group in the future: to present a fully developed method and 
accurate time calculation for this reaction, followed by continued studies into metal 
complex formation.  
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Appendix 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A1. Full 1H NMR spectrum of furan-2-yl(pyrrolidin-1-yl)methanethione, 
produced by traditional methods and purification by silica column. 
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Figure A2. Aromatic region of the 1H NMR spectrum of crude N-hexadecylfuran-2-
carbothioamide, produced by mechanochemical synthesis. 
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Figure A3. Upfield region of the 1H NMR spectrum of crude N-hexadecylfuran-2-
carbothioamide, produced by mechanochemical synthesis. 
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Figure A4. Full 1H NMR spectrum of crude 1,3-dibenzylbenzamidazolium bromide 
reaction material. See Appendix 5 for product resonance labels. 
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Figure A5. Full 1H NMR spectrum of purified 1,3-dibenzylbenzamidazolium bromide. 
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Figure A6. Full 1H NMR spectrum of crude N,N′-dioctyl-2,2′-bipyridine-4,4′-
dicarboxamide. 
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Figure A7. Full IR spectra of compound 4 reaction material before milling (left) and 
after 200 minutes of milling (right). 
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Figure A8. 1H NMR spectra from the synthesis of 4 after 200 minutes of milling. Left 
spectrum uses CDCl3 as the solvent, middle spectrum uses D2O, right spectrum uses 
DMSO-d6. 
56 
References 
1. James, S. L.;  Adams, C. J.;  Bolm, C.;  Braga, D.;  Collier, P.;  Friscic, T.;  
Grepioni, F.;  Harris, K. D.;  Hyett, G.;  Jones, W.;  Krebs, A.;  Mack, J.;  Maini, L.;  
Orpen, A. G.;  Parkin, I. P.;  Shearouse, W. C.;  Steed, J. W.; Waddell, D. C., 
Mechanochemistry: opportunities for new and cleaner synthesis. Chem. Soc. Rev. 2012, 
41 (1), 413. 
2. Takacs, L., The historical development of mechanochemistry. Chem. Soc. Rev. 
2013, 42 (18), 7649. 
3. Ma, X.;  Yuan, W.;  Bell, S. E. J.; James, S. L., Better understanding of 
mechanochemical reactions: Raman monitoring reveals surprisingly simple 'pseudo-fluid' 
model for a ball milling reaction. Chem. Commun. 2014, 50 (13), 1585. 
4. Beillard, A.;  Bantreil, X.;  Metro, T.-X.;  Martinez, J.; Lamaty, F., 
Mechanochemistry for facilitated access to N,N-diaryl NHC metal complexes. New J. 
Chem. 2017, 41 (3), 1057-1063. 
5. Garay, A. L.;  Pichon, A.; James, S. L., Solvent-free synthesis of metal 
complexes. Chem. Soc. Rev. 2007, 36 (6), 846. 
6. Beillard, A.;  Metro, T.-X.;  Bantreil, X.;  Martinez, J.; Lamaty, F., Cu(0), O2 and 
mechanical forces: a saving combination for efficient production of Cu-NHC complexes. 
Chem. Sci. 2017, 8 (2), 1086. 
7. Adams, C. J.;  Lusi, M.;  Mutambi, E. M.; Guy Orpen, A., Two-step solid-state 
synthesis of PEPPSI-type compounds. Chem. Commun. 2015, 51 (47), 9632. 
8. Braga, D.;  D'Addario, D.;  Polito, M.; Grepioni, F., Mechanically induced 
expeditious and selective preparation of disubstituted pyridine/pyrimidine ferrocenyl 
complexes. Organometallics 2004, 23 (11), 2810. 
9. Tella, A. C.;  Isaac, A. Y.; Adeniran, R. A., Mechanochemical synthesis and 
characterization of 2,4-dinitrophenyl hydrazine metal complexes. Int. J. Appl. Chem. 
2011, 7 (3), 25. 
10. Ferguson, M.;  Giri, N.;  Huang, X.;  Apperley, D.; James, S. L., One-pot two-step 
mechanochemical synthesis: ligand and complex preparation without isolating 
intermediates. Green Chem. 2014, 16 (3), 1374. 
11. Beillard, A.;  Golliard, E.;  Gillet, V.;  Bantreil, X.;  Metro, T.-X.;  Martinez, J.; 
Lamaty, F., Expedient mechanosynthesis of N,N-dialkyl imidazoliums and silver(I)-
carbene complexes in a ball-mill. Chem. - Eur. J. 2015, 21 (49), 17614. 
12. Allenbaugh, R. J.; Zachary, J. R., Kinetic analysis of the mechanochemical 
syntheses of dialkyl 2,2'-bipyridyl-4,4'-dicarboxylate complexes of palladium. Liq. Cryst. 
2016, 43 (8), 1059. 
13. Allenbaugh, R. J.;  Zachary, J. R.;  Williams, J. R.;  Shaw, A. L.;  Bryson, J. D.;  
Underwood, A. N.; O'Donnell, E. E., Mechanochemical synthesis of zinc and palladium 
complexes of dialkyl 2,2'-bipyridine-4,4'-dicarboxylate and analysis of solid-state reaction 
kinetics. Inorg. Chim. Acta 2018, 477, 102. 
14. Allenbaugh, R. J.;  Zachary, J. R.;  Underwood, A. N.;  Bryson, J. D.;  Williams, J. 
R.; Shaw, A., Kinetic analysis of the complete mechanochemical synthesis of a 
palladium(II) carbene complex. Inorg. Chem. Commun. 2020, 111, 107622. 
15. Hirosawa, F.;  Iwasaki, T.; Iwata, M., Kinetic analysis of mechanochemical 
reaction between zinc oxide and gamma ferric oxide based on the impact energy and 
collision frequency of particles. Powder Technol. 2019, 352, 360. 
16. Ahmadian Baghbaderani, H.;  Rahimipour, M. R.; Delshad Chermahini, M., A 
combined experimental and modeling study of thermodynamics and kinetics of 
mechanochemical treatment for synthesis of Ni0.5Co0.5Fe2O4. Mater. Des. 2016, 95, 54. 
57 
17. Delogu, F.; Takacs, L., Information on the mechanism of mechanochemical 
reaction from detailed studies of the reaction kinetics. J. Mater. Sci. 2018, 53 (19), 
13331. 
18. Cagnetta, G.;  Huang, J.;  Wang, B.;  Deng, S.; Yu, G., A comprehensive kinetic 
model for mechanochemical destruction of persistent organic pollutants. Chem. Eng. J. 
2016, 291, 30. 
19. Khawam, A.; Flanagan, D. R., Solid-state kinetic models: basics and 
mathematical fundamentals. J. Phys. Chem. B 2006, 110 (35), 17315. 
20. Zachary, J., Kinetic analysis and mechanochemical synthesis of palladium 
complexes.  M. S., Murray State University, 2017. 
21. Nguyen, H. N. 1,3-Dimethyl-1H-benzimidazolium salts. Encyclopedia of 
Reagents for Organic Synthesis, John Wiley & Sons, Ltd.: 2007;  No pp. given. 
22. Chen, S.; Li, Y.; Chen, J.; Xu, X.; Su, L.; Tang, Z.; Au, C.T.; Qiu, R., Iodine-
promoted synthesis of thioamides from 1,2-dibenzyl-sulfane and difurfuryl disulfide. 
Synlett. 2016, 27 (16), 2339. 
23. Hallett, A. J.; Jones, J. E., Purification-free synthesis of highly efficient ruthenium 
dye complex for dye sensitised solar sells (DSSCs). Dalton Trans. 2011, 40, 3871. 
24. Luo, Y. H.; Liu, Q. L.; Yang, L. J.; Sun, Y.; Wang, J. W.; You, C. Q.; Sun, B. W., 
Magnetic observation of aboce room-temperature spin transition in vesicular nano-
spheres. J. Mater. Chem. C. 2016, 4, 8061. 
25. Finney, E. E.; Finke, R. G., Is There a Minimal Chemical Mechanism Underlying 
Classical Avrami-Erofe'ev Treatments of Phase-Transformation Kinetic Data? Chem. 
Mater. 2009, 21 (19), 4692. 
26. Cumbrera, F. L.; Sanchez-Bajo, F., The use of the JMAYK kinetic equation for 
the analysis of solid-state reactions: critical considerations and recent interpretations. 
Themochim. Acta. 1995, 266, 315. 
27. Wang, X.; Ji, M.; Lim, S.; Jang, H. Y., Thiol as a synthon for preparing 
thiocarbonyl: aerobic oxidation of thiols for the synthesis of thioamides. J. Org. Chem. 
2014, 79 (15), 7256. 
28. Underwood, A. N., Kinetic study and mechanochemical syntheses of α and β 
isomers of ditetradecyl 2,2′-bipyridine-4,4′-dicarboxylate complexes of palladium and 
1,3-dimethylbenzimidazolium iodide. M. S., Murray State University, 2019. 
29. Rubbiani, R.; Kitanovic, I.; Alborzinia, H.; Can, S.; Kitanovic, A.; Onambele, L. A.; 
Stefanopoulou, M.; Geldmacher, Y.; Sheldrick, W. S.; Wolber, G.; Prokops, A.; Wölfl, S.; 
Ott, I., Benzimidazol-2-ylidene gold(I) complexes are thioredoxin reductase inhibitors 
with multiple antitumor properties. J. Med. Chem. 2010, 53(24), 8608. 
30. Universidad del Valle, nmrdb.org: Predicted 1H NMR spectrum of 1-benzyl-1H-
benzimidazole. http://www.nmrdb.org/new_predictor/index. shtml?v=v2.115.0 (accessed 
May 5, 2020). 
31. Hyatt, M. G.; Allenbaugh, R. J., Mechanochemical synthesis and thermal 
property investigation of metallomesogens and transition metal complexes. Liq. Cryst. 
2014, 42(1), 113. 
32. Sahin, C.; Goren, A.; Demir, S.; Cavus, M. S., New amide based iridium(III) 
complexes: Synthesis, characterization, photoluminescence, and DFT/TD-DFT studes. 
New J. Chem. 2018. 42, 2979. 
 
